Introduction
An extensive set of studies have shown a small but consistent increased risk of lung cancer in groups with occupational exposure to diesel exhaust 1, 2 and diesel is widely cited as a probable human carcinogen. [3] [4] [5] [6] [7] [8] Although epidemiologic studies illuminating the increased cancer risks are numerous, none of these studies have included detailed exposure assessments, and for this reason the dose-response relationship is very uncertain. 9 There are a limited number of detailed exposure assessments from industries with diesel exposures [10] [11] [12] with which to draw conclusions about the exposures of effected workers. As a result, although there is a consistent increased risk of lung cancer, the amount of exposure associated with this increase is unclear.
Our research group is conducting a National Cancer Institute funded cohort study of lung cancer in the US trucking industry, where diesel and other vehicle emission exposures are common. The cohort contains approximately 55 000 people who were working in four large trucking companies in 1985, whose mortality experience will be determined up to 2000. The four companies providing workers and the International Brotherhood of Teamsters are active participants in the study. Our plan is to make semi-personal estimates of historical exposures using each subject's personal job history kept by the company that employs him. The job history identifies the sequence of job titles and terminal locations where the subject has worked. These characteristics plus data from company records on each freight terminal's size and location, and data on age and type of trucks in the fleet can be used to assign exposures.
The goal of our exposure assessment is to determine the levels of occupational exposure to diesel exhaust and other common environmental particulate pollutants, so that we can conduct a quantitative assessment of the risk per unit of exposure to diesel and other airborne particles in our epidemiology study. We present here our evaluation strategy, measurement methods, and initial descriptive findings on exposures to PM2.5, elemental carbon, and total organic compounds for our five-year study.
Description of the unionized less-than-truckload industry
The less-than-truckload sector of the US trucking industry primarily ships pallet-sized packages from individual vendors. This distinguishes them from their counterparts who ship entire truckloads or small parcels. Fig. 1 presents a diagram of a generic truck freight terminal. The center of a freight terminal is a warehouse building where freight is moved from one trailer to another. The trailers are backed up to a raised platform, the ''dock'', which has a series of doors along each side. A large terminal may have hundreds of doors and have a dock that is hundreds of metres long. Most large terminals have two types of trucking operations, local ''pickup and delivery'' (P&D) and long haul (LH) moving freight between terminals, usually several hundred miles distant. The P&D drivers pick-up from and deliver freight to local customers.
Freight docks operate for 24 h day
À1
, 7 days a week at large terminals. Freight is moved between trailers by dock workers driving small liquid propane powered forklifts that have two metal ''forks'' on a lifting rack on the front of the motorized unit. Odd sized, large bulky materials like semi-rigid plastic swimming pools are moved manually. When a truck arrives at a terminal, it is checked-in and released by the driver. A hostler separates the tractor from the trailer, and takes the tractor to be inspected, refueled, and parked in the ready line. He then moves the trailer to one of the doors at the dock using a special purpose diesel vehicle (Yard Tug), or stores it in the incoming trailer area to be moved later. Tractors and trailers that have been damaged or need to be serviced are taken to the shop to be repaired by a mechanic. Those terminals without shops contract out their repair and maintenance needs.
In summary, the following job groups work at large terminals (over 100 employees): LH drivers, P&D drivers, dock workers, hostlers, mechanics, combination workers, and clerks. Combination workers do either dock work or P&D driving on a given day as needed. The jobs have relatively homogeneous task activities as defined by union work rules. Table 1 shows the numbers of subjects in each group working in 2002, with the largest groups consisting of the drivers and dock workers. Since we cannot estimate each subject's personal exposure, the objective of the exposure assessment is to characterize the particulate exposures of each individual job group as a function of the terminal and tractor characteristics and other influential factors. We will then use each subject's job history to assign average exposures across time and calculate dose metrics, such as cumulative exposure (duration times average concentration), to determine the impact of diesel and other particle exposures on their cancer risk.
Materials and methods

Study design
In the mid-1990s, a small pilot study using the same measurement methods reported in this paper, was conducted to evaluate personal PM2.5, EC and OC exposures in four small (o50 employees) truck terminals in northern New England and a large terminal (4100 employees) in Atlanta to determine if exposures varied by work location, job title, terminal size, and site (urban vs. rural). 13 Based on those pilot data, we hypothesized that there would be significant differences in both composition and concentration (intensity) of exposures by job, terminal characteristics, and location. We are looking for important group differences in exposure to particulate matter that could be useful for an epidemiologic study of lung cancer. Three types of particulate matter are being measured: mass of particles less than 2.5 microns in diameter (PM2.5), and elemental carbon (EC) and organic compounds (OC). Composition is also defined by the relative amounts of EC in total carbon (TC) (EC þ OC).
A person's exposure is the result of a relatively complex interaction of contaminants from three primary sources: (1) local air pollution background, along with regional and weather impacts; (2) work area exposures from freight handling activities in the terminal, repair activities in the shop, and vehicular traffic for drivers; and (3) job specific activities and smoking status. We are assessing the impacts of all of these factors. We also are attempting to distinguish between diesel emissions and those from other vehicles, as well as other combustion sources using a source apportionment analysis. A total of thirty-six large terminals (4100 employees) were selected for sampling based on the regional distribution across the US. When there was more than one terminal in a region, one was selected at random, such as in southern California. A field team visited each large terminal for 5 days of 24 h day À1 measurements. Box samplers (described below) were placed for area sampling in the offices, freight dock, or shop. Locations identified as central to the on-going operations were chosen, such as a foreman's desk in the center of the dock or repair area. Local background pollution was measured by placing samplers in the yard, upwind of the terminal. Terminal workers were invited to volunteer for personal sampling, during which they wore particle samplers for PM2.5 and EC and OC (in PM1) in a special harness. Dock workers and drivers work 8-12 h shifts. Mechanics and clerks work 8 h shifts. Usually P&D drivers work during the day and LH drivers work at night. Drivers were asked to perform their normal driving activities with a sampling box mounted in the cab to measure their micro-environment (see Fig. 2 ). All workers who volunteered for personal sampling gave informed consent and completed a short questionnaire about their work and smoking activities. The sampling protocol was approved by the Harvard School of Public Health, Human Subject Committee.
Sampling methods
PM2
.5. PM2.5 was measured by a method that gives results consistent with the EPA PQ200 Federal Reference Method. 14, 15 Particles were collected on a 37 mm Teflon filter, 0.2 mm diameter pore size, after passing through a precision machined cyclone separator (GK2.05 SH (KTL), BGI, Inc., Waltham, MA) to remove particles greater than 2.5 mm aerodynamic diameter. Mass collected on the filter was determined by gravimetric analysis using an analytical balance (Mettler Micro-Gravimetric No. M5; Mettler Instruments Corporation, Hightstown, NJ). The filters were pre-weighted after humidity equilibrium (temperature within 20-23 1C and relative humidity 40 AE 5% for at least 48 h) in a chamber. At the end of sampling, the filter was taken back to the laboratory and reweighed after humidity equilibrium to determine weight gain.
EC and OC. EC and OC were determined by the NIOSH 5040 method. 16 PM1 was collected on a 22 mm Quartz tissue filter, preceded by a precision machined cyclone separator (SCC1.062 Triplex, BGI, Inc., Waltham, MA) to remove particles greater than 1.0 mm aerodynamic diameter. PM1 was chosen for this measurement because we were interested in a marker of fresh diesel and other vehicle emissions before they had agglomerated into the accumulative mode of atmospheric aerosols. Measurements made during a feasibility study showed that the PM1 mass is normally 90-98% of the PM2.5 mass in the terminal work locations and vehicle cabs. An artifact was found in OC data from area and personal samples collected where there was cigarette smoking. In those settings, the OC content frequently exceeded the PM2.5. It is known that quartz fiber filters will adsorb polar hydrocarbon vapors from the air stream and cigarette smoke has a high concentration of polar vapors. 17, 18 The particle collectors, their pumps, and a real time monitor for temperature and humidity (HOBO, Onset Computer Corp, Bourne, MA) were all mounted in a box housing connected to an external battery. This system (''box sampler'') was used for area and truck cab sampling, as shown in Fig. 2 .
Background data on sampling sites
In addition to the collection of samples, extensive data were collected for each terminal, its operations, and on the repair shop if one was present. This included the dimensions of the dock, yard, and shop, the number of doors on the dock and shop, ventilation in the shop, the number of forklifts, P&D tractors, and LH tractors assigned to the terminal, workforce numbers on dockmen, drivers, and mechanics, and finally terminal operations including the number of P&D and LH trucks sent/returning during the survey.
Local weather data were also collected for each sampling session, approximately every 12 hours during the five-day site visit. Weather data included observed precipitation, wind speed and direction, temperature and relative humidity from on-site hourly measurements. In addition, we obtained climatologic data from National Oceanographic and Atmospheric Administration (NOAA) databases, which included precipitation and atmospheric stability measures. EPA data from the local Air Quality System (AQS) monitoring stations within a 50 km radius of each terminal were also collected to provide a surrogate marker of ambient air pollution levels. These background data are being used separately to construct an overall predictive model of particle exposure at the terminal locations, and only the summary statistics are provided here (Table 2) .
Statistical methods
The data were analyzed to examine the exposures in our cohort of trucking industry employees. All statistical tests performed on the data have used Intercooled Stata Version 8.2 (StataCorp, College Station, TX). Summary statistics are provided in Tables 3-6 and boxplots in Fig. 4 and 5 for PM2.5, EC, OC, and the EC/TC ratio by trip, job title, location, and smoking status.
All distributions, both personal and fixed location samples, were approximately lognormal-highly skewed toward large values. Log transformed data were an approximate fit to the ideal lognormal distribution, and these results can be viewed in Fig. 3A and B. However, the distributions for broad groups tend to be over represented in the center. This is likely the result of these distributions being the sum of a variety of different individual distributions including different time points, terminals, locations and jobs. Due to the approximately lognormal distribution of particle concentrations, the geometric mean and standard deviation are presented along with the arithmetic calculations in all data summary tables. The discussion in the text refers to the geometric means unless otherwise noted, since these values are more representative of the central tendency in the exposure measurements.
The data were heteroskedastic (unequal variance) across subgroups, violating a basic assumption of the ANOVA model. This was easily seen by a graphical review of the boxplots (widely varying interquartile ranges), and was further reinforced by Bartlett's test for equal variance. Since the data were both lognormal and heteroskedastic, nonparametric tests were used to compare the group distributions. In particular, the Wilcoxon rank sum (Mann-Whitney) test was used along with its multiple-group generalization, the Kruskal-Wallis test, for all of the comparisons summarized below (i.e., two group comparisons use the Mann-Whitney test, while multiple group comparisons use the Kruskal-Wallis test). Nonparametric Spearman correlation coefficients were used to determine significant relationships between sample variables. Finally, although the measurements were taken over a consecutive 5-day period, the data are not highly correlated across time and autocorrelation does not present a problem in the current analysis.
Results
Terminal site background levels
The background measurements were made in an upwind location in the yard for each terminal sampled. The proper placement of these samplers was a challenge. A small recording anemometer and wind vane were set up next to the yard sampler, and we attempted to place the sampler upwind of the terminal within about 451 of the prevailing wind. However, this was not always possible because of a lack of suitable sites. Further, as expected, the wind direction is rarely stable, and in several cases it was necessary to move the sampler to another location when a major weather system moved through the area. It was not feasible to move the upwind sampler during frequent minor wind shifts, AE451. Many times at night when the wind speed dropped to light breezes, the wind direction wandered across the full range of the compass. during the study. The later trips showed similar variability and are excluded from the figures to facilitate visualization of the trends. There was significant variability (p o 0.01) across the terminal sites, reflecting differences in settings (neighborhood sources and air pollution) and work activities at these terminals.
Terminal site work location levels
The main indoor work locations that were evaluated with fixed location monitors included the dock, shop, and office areas (see Fig. 1 ). Work location levels were compared to the upwind background concentrations to define the relative contributions of local sources and activities. There were statistically significant differences in particle concentrations across work locations (p o 0.01), and summary statistics are provided in Tables 3-6 . The relative ranking of exposures was usually office o yard o dock o shop for all three contaminants, and generally EC o OC o PM2.5. The office location had the lowest exposure levels (with the exception of OC), on average 60% less than those detected outside in the yard. The office particulate often had more OC than PM2.5, which is likely an artifact of cigarette smoke. Dock area concentrations of all air components were 40-55% higher than upwind background values. These dock values represent a combination of background contaminants entering the dock, emissions from forklifts driven on the dock, and diesel emissions from truck tractors operating in the yard. Overall the correlation observed between the dock and upwind yard levels during the same shift were high: r = 0.73 for PM2.5, r = 0.86 for EC and r = 0.58 for OC.
Overall the geometric means of the EC/TC ratios across work locations (Table 6) show similarities for the upwind and dock areas, containing about 8% EC in TC. This is true even though the EC, TC, and PM2.5 are about a third higher in the dock area relative to the upwind background measurements. There were large differences in composition across the terminal sites reflected in variation in the EC/TC ratios for the dock (Fig. 5 ). Significant differences in the ratios of EC/TC across sites were found (p o 0.01), which ranged from 3% to 12% for these area samples. The matched background and dock EC/TC ratios were highly correlated, and a large fraction of the variance in the dock values was explained by the background levels (r = 0.75).
The shop facilities, when present, were located in separate buildings. Engines are rarely operated while the tractor is indoors, but frequent movement of tractors into and out of the shop can release substantial emissions into the confined space of the shops. Shop area levels were the highest observed in the terminal, between 33-111% higher than the dock (Tables 3-5) , and were more variable than the dock concentrations. Shops reporting the presence of local exhaust ventilation had somewhat lower average exposure levels, but the difference was not significant. The EC/TC ratio was significantly higher in the shop area (p o 0.01), averaging 12%, which is consistent with brief, low rpm diesel emissions. Terminal site personal levels
The four primary job groups with distinct work areas monitored by personal sampling jackets were clerks, dock workers, hostlers, and mechanics (see Tables 3-6 ). All of the personal exposures for non-smokers in the terminal locations were higher than the relevant area measurements, and they followed the same sequence seen for the work areas: clerks o dock workers = hostlers o mechanics, and EC o OC o PM2.5, except for the clerks. These differences were all statistically significant (p o 0.01). The relative amount of EC in TC was generally less in the personal samples compared to samples from the work areas (Table 6 ). There was a relatively high correlation between the average personal exposures and the matched area measurement by work location, especially for EC (dock r = 0.79, shop r = 0.81).
Cigarette smoking by freight terminal workers had a substantial effect on the personal levels of PM2.5 and OC (see Table 7 ). The average levels of both of these contaminants were approximately 75% higher for smoking dock workers and 40% higher for mechanics. This effect increased to nearly three-fold for the smoking hostlers, who spend a large fraction of their time in the cab of a yard tug where there is no restriction on their smoking activities. The EC levels were only somewhat higher for smoking dock workers and mechanics, about 20-30%, which is consistent with the low content of EC measured in cigarette smoke.
Comparison of personal exposures for driver jobs
The two main types of drivers included pick-up and delivery (P&D) and long haul (LH) (Tables 3-6) and their exposures were measured by area sampling boxes placed in the cab of their vehicles during their work shift. There were no significant differences for smoking drivers across the two groups, while there were significant differences (p o 0.01) between nonsmoking P&D and LH exposures for PM2.5 and OC. Comparing drivers to the onsite work groups for non-smokers, hostlers and mechanics had higher PM2.5, OC was similar across all of the worker groups, and only mechanics had higher EC exposures. Cigarette smoking also significantly increased driver's PM2.5 and OC levels. Both were nearly two-fold higher in smokers compared to nonsmokers. Similar to the terminal jobs, the EC was only slightly elevated, but still statistically significant (p o 0.01).
Discussion
The purpose of this study is to define the differences in exposure to PM2.5, EC and OC that could be useful for examining contributions to risk in our epidemiologic study of lung cancer. Based on pilot data, we hypothesized broad differences in exposures by terminal site, work location, and job title. Since these features are easily determined for each subject based on his company work history, we are looking for systematic exposure differences linked with characteristics of terminal site and job title. We are also concerned with the effect of cigarette smoking both as a personal exposure modifier and as a systematic factor across work locations, jobs, and terminal sites. One of the key attributes of a freight terminal is its surrounding area. A variety of settings was sampled, including rural, suburban, and industrial areas, which produced a wide range of background levels (Fig. 4A-C) . These differences across sites were statistically significant (p o 0.01). This variation is important epidemiologically for distinguishing occupational exposure effects from those of background air pollution. In addition to differences in average exposure levels, significant differences in exposure composition were also seen across terminal sites. This was shown by the variation in the ratio of EC/TC (Fig. 4D) . Areas with higher ratios may reflect differences in the amounts of local diesel vehicle traffic around the terminal.
Our measured background levels of PM2.5, EC, and OC were much lower than those observed in other studies of urban areas with high levels of pollution. Lena and coworkers (2002) found that both PM2.5 and EC were correlated with density of truck traffic through an urban neighborhood in the Bronx in New York City, but EC had a higher correlation, r = 0.92, versus 0.72 for PM2.5. 19 The nearby urban control site away from the road had an average EC of 2.6 mg m
À3
, whereas EC averaged 7.3 mg m À3 along the truck routes. Lena and coworkers (2002) also presented a summary of other studies of urban and suburban locations in the US and two German sites, which had maximum daily averages ranging from 1.2 to 16 mg m À3 for EC. Thus, although the freight terminals we studied were near road and highways, they were generally not in high pollution urban areas. Instead, they tended to be in suburban areas outside the city centers, where the background levels were lower.
The next research question was to define the levels and variation in PM2.5, EC, and OC across work locations within the truck terminals (Tables 3-5) . Large significant differences were found for the concentrations of all three contaminants across the major work areas: shop, dock, and office. The dock levels were approximately 45% higher than the background upwind values, which was most likely due to forklift emissions on the dock (often 5-10 units operating simultaneously) and truck tractors driving in the yard. Although there are door openings for trailers on all of the freight docks, closures are rare allowing outdoor contaminants to enter. So while individual propane powered forklifts operating on the dock produce only a small amount of particulate exhaust, it is released into a semi-confined environment, and when there are more than two or three forklifts operating, they can produce elevated levels of particulate contaminants.
Although the magnitude of exposures was higher in the dock versus the upwind background, the EC/TC ratios for the two locations were very similar, 8-9%, and significantly correlated, indicating similar sources of air contaminants (Table 6 ). Even so, a large fraction of the variance in dock concentrations was not explained by the upwind variation, so there was a clear independent occupational exposure component in the study results. High background exposures can occur with low occupational exposures and vice versa, which is critical to distinguish the independent effects of both. The EC/ TC ratio for the shop showed much more EC, 12%, than the other two areas. The primary engine operating pattern in the shop is characterized by brief accelerations to move the tractors in and out of the shop, and black smoke (high levels of EC) is frequently observed when tractors enter, possibly accounting for this difference. The EC/TC ratios were generally much less than those of pure diesel exhaust, B50-60%, and somewhat lower than gasoline engine exhaust, 19-31% for catalyst equipped cars, which indicates dilution with emissions from other sources. 20, 21 The office had clearly different conditions than the dock or shop areas. The offices were separate from the dock area and were generally air-conditioned/heated with no opening windows. For that reason, little of the outdoor or work area pollutants entered the office space. Many offices showed clear evidence of contamination by cigarette smoke, as indicated by low levels of EC and relatively high levels of OC. The OC values in the office frequently exceeded the PM2.5, which was not seen in the dock or shop areas. This is due to an artifact in sampling cigarette smoke with a quartz fiber filter, which adsorbs semi-volatile hydrocarbon vapors. 17, 18 A third research question was to determine how much of a terminal worker's personal exposure was derived from the background and how much from his personal work activities in and around the terminal. This question needed to be answered in the context of cigarette smoking because smoking contaminants are another important factor in some of the personal samples. For this reason, we avoided sampling smokers when possible.
Our goal was to characterize the exposures to occupational and environmental particulate, which are indicated clearly with the nonsmoker samples. The nonsmoking hostlers, dock workers, and mechanics had significantly elevated exposures relative to the levels in the yard and their respective work area samples (Tables 3-5) . The large variation across terminal sites found in the upwind background samples was also apparent in the average personal measurements compared across sites.
One puzzling finding was lower EC/TC ratios for the personal samples of the dock workers and mechanics relative to the work area samples (Table 6 ). The dock workers and hostler samples also had less EC per TC than the upwind background samples, which indicates exposure to sources of emissions that were low in EC and relatively high in OC. Idling diesel engines produce low amounts of EC and high OC, and the EC/TC ratio can be as low as 4%. Also the forklift trucks produce very little EC and OC. Analysis of available high volume source apportionment samples will help us resolve this question (reported elsewhere).
The nonsmoking pickup and delivery (P&D) and long haul (LH) drivers had very similar PM2.5, EC, and OC exposures. They had an EC/TC ratio of 6-7%, which was similar to the dock workers and hostlers, but very low relative to both car and heavy duty truck emissions. 22 P&D drivers had a small but significantly higher EC exposure than other drivers, which was overall comparable with the BC exposures on Sacramento freeways. This would also affect the exposures assigned to the workers in the combination job (both drive and work on the dock). Driver exposures were generally higher than the background levels at the terminal where they were assigned, but driver values were not well correlated with local background levels near the terminal where they were based. This is consistent with the fact that the drivers spend little time at the terminal and the broad area they travel, approximately a 50 km radius around the terminal, is not just the local area.
Contrasting samples from smoking and nonsmoking workers showed the strong, statistically significant influence of cigarette smoke (Table 7) . Hostlers showed a much bigger smoking effect on PM2.5 and OC than the other terminal jobs, probably because hostlers are free to smoke while working and the cab of the yard tug is smaller than a regular truck cab. Drivers had exposure increases from cigarette particles similar to the dock workers. These exposure data indicate substantial secondhand smoke (SHS) exposures in addition to the mainstream smoke they inhale.
These results are being analyzed in the context of a formal statistical model describing occupational exposures as a function of background, work area, and personal exposures. This work has provided further evidence that exposures to particulates at terminal locations are dependent on many important factors, including work area and background concentrations, weather conditions, terminal characteristics, ventilation, local sources, and regional characteristics. The final step will be to develop a historical exposure assignment matrix for the epidemiologic study. We will use the statistical model we are developing for current exposures, modified with historical exposure factors, as the basis for back extrapolating past exposures.
Conclusions
We are performing this exposure assessment for an epidemiologic study that needs to clearly differentiate particle exposures from different sources and link them with characteristics identifiable for each of the 55 000 subjects in our cohort from the trucking industry. These characteristics can be determined from personal work histories and company terminal and equipment data, such as job title, terminal size and location, age and type of trucks in the fleet. This report on measurements from 36 regionally sited truck freight terminals has shown significant differences across terminal sites, work locations, and job titles.
It has also shown that cigarette smoking contributes to personal exposures, but does not alter the gradient of exposures across jobs. Large differences were seen across the terminal sites because of differences in local regional air pollution emissions and terminal specific activities. Aside from large, nearby industrial sources, there was little evidence that specific upwind sources were important. We conclude that we will be able to estimate current exposures of the cohort with an exposure assignment matrix based on job title, work location, and terminal site that will identify a wide range of exposures, which overlaps substantially with the general public's exposure to these sources.
